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SUMMARY 



A preliminary investigation \is.b made to determine • 

whether some characteristic of the hoiindary layer could "be 
used to provide satisfactory \iraraing of. the increase in 
the stalling speed of a wing caused "by ice formations on • 
the leading edge. The tests vj-ere conducted with a Lockheed 
18A low-wing, t^rln-engine , all-metal transport airplane.- 
Wooden strips V7ere used to simulate the iee formations and 
total-pressure surveys were taken near the trailing edge 
■behind the wooden strips ad the airplane was stalled. 
Most of the stalls were made inlevel flight in the follow- 
ing conditionn: (l) cruising, 80-percent rated power; 
(2) glide, pov;er off, flaps retracted, landing gear up; 
and. (3) approach, power off, flaps fully deflected, land- 
ing gear down. 'These flight? were supplemented hy a few 
stalls, in only the cruising condition, in which the air- 
plane was tanked to produce norm.q,! accelerations ranging 
from l,3g to 1.6g. • 

The most promising characteristic of the flow near 
the trailing edge that night he used as a warning of im- 
pending stall was the decrease in .total pressure at a 
given level ahove the wing surface to a value slightly 
ahcve free-stream static pressure as the airplane speed 
\ifas reduced. 

IHTEODUCTION 



The .development of stall-warning indicators has long 
heen considered desiraolo because of the dangers associat- 
ed ifith the unexpected stalling of an airplane and because 
inherent warnings (such as tail "buffeting) frequently are 
not satisfactory. The requirements for an entirely satis- 
factory stall-v.'arning indicator are very severe. Adequate 
and consistent warning should he provided *with 'the airplane 
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in any condition of power or flap deflection, with the wing 
loading changed "because of variations in gross weight or 
■because of maneuvers, and with the local stalling speed of 
any portion of the wing increased hy ice formations on the 
leading edge. Previous investigations hy the NAOA (reference 
l) have produced a stall-warning device meeting all of the 
listed r eq_uirement s with the exception of providing warning 
of increased local stalling speeds caused "by ice formations. 
The provision of warning for a firing on which ice- has formed, 
presents a douhle prohlom hecause the stalling speed of the 
wing as a unit is increased an unknown amount and also "be- 
cause the sequence of stalling of adjacent sections may "be 
altered. 

The present test program for developing an indicator 
to satisfy the foregoing requirements consists of two 
parts.- The first part is the determination of a "basis 
for stall warning at one section of the wing when that 
section is made to stall prematurely by placing simulated 
ice formations on the leading edge. Surveys were made on 
the upper surface near the trailing edge to determine the 
effect of the formations on the air flow ovor the wing 
section as the airplane was stalled. The second part of 
the test program consists of the extension of the surveys 
to the rest of the wing in order that a series of indi- 
cators located spanxirise can he used to show the sequence 
of section stalling. Preliminary tests covering the first 
part of this program have heen conducted "by the lACA at 
the Langley Momorial Aeronautical Iia"boratory and the j^e- 
suits are reported herein. 



APPARATUS 



The airplane used for the investigation is a Lockheed 
12A, twin-engine, low^-wlng monoplane shown in figure 1. 
The wing details are shown in figure 2. The wing has a 
span of 49.5 feet, split fls.ps lowering to a fully deflect- 
ed position of 45 , and ailerons that droop 9,5 when the 
flaps are fully extended, 

Ico accretion on the wing was simulated hy fastening 
wooden strips with masking tape to the de-icer attachment 
strip, on the upper surface at ahout 50 percent somispan 
from the piano of symmetry, (See fig. 2,) Two strips 
were used - one of vrhich was semicircular in cross section, 
■3 feet long, and 1/4 inch high and the other was triangular 



in cross section, 2 feet long, and l/2 inch higli. 

The rake used in making the pressure surveys at the 
trailing edge (see fig. 2) consisted of six tuhesJ one 
static-pressure tube and five total-pressure tuTsea. The 
total-pressure tuhes were spaced l/2 inch, and the lowest 
tute was 1/2 inch above the wing surface, Ihe rake was 
located 12 inches forward of the trailing edge and behind 
the center of the wooden strip on the leading edge. 

The static and total pressures measured with the rake 

were referred, respectively, to the free-stream static and 
total pressure measured x^ith an airspeed head mounted about 
one chord length ahead of the wing tip, (See fig. 1.) A 
sniveling type of airspeed head that alines itself with 
the local flow was used to keep to a minimuia the variation 
with speed of the static pressure measured by the airspeed 
head. The static-pressure orifices of the swiveling head 
were calibrated by means of a suspended trailing airspeed 
head. ( See f ig. 3 . ) 

Several tufts were distributed over the \iring to allow 
the observer to correlate the progress of stall with the 
measureaent of pressures at the rake. 

All pressures were recorded by an lACA recording manom 
eter and correlated by means of an ilACA timer. For a few 
of the tests, the normal acceleration at the center of grav 
ity of the airplane was recorded by an KACA recording ac- 
oelerometer , 

PROOEDUES 



Pressure records x<rere taken as the airplane was grad- 
ually stalled in the following conditions: ■( 1 ) cruising, 
80-percent rated power; (3) glide, pd^er off, flaps re- 
tracted, landing gear up; and (3) approach, power iff, 
flaps fully deflected, landing gear down. The action of 
the tufts was continuously observed, and the approximate 
time at which more than one-half the tufts behind the 
wooden strip reversed their normal direction and then fluc- 
tuated forward and rearward was taken as the section stall. 
At that time, the switch cmtrollihg the manometer and 
timer was momentarily opened to identify the section stall 
condition on the pressure records. 

Information concerning t&e effect of wing loading on 
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the pressures recorded at the rako was olitainsd during sev- 
eral stalls made in a cruising condition as the airplane 
was "banked to increase the normal acceleration. 



EESULTS AND DISCUSSION 



Tho data o^btainod in . these preliminary stall tests 
have heen analyzed hy referring total pressures at the 
rake to (l) free-strcan total pressure, (2) static 
pressure at rako, (3) froe-stream static pressure, and 
(4) static pressure from wing- tip swiveling head. 

Total -pres sure s a t rake refe r red to free-stream total 
p ressure .-^ With no simulated ice on the leading edge, the 
differences hetween the total pressures given hy.the three 
lowest rake tuhes and the free-stream total pressure did 
not change sufficiently, as the airplane was stalled to 
serve as a inrarning. The rest of the rake total-pressure 
tuhes, hoxi'ever, indica,ted an r^ppreciahle loss in total 
pressure RS.the section stalling speed was approached. 

With the triangular strip .mounted on the leading 
edge to simulate ice, hoxirever , the disturhance was so great 
that a loss in total pressure equivalent to free-stream dy- 
namic pressure q at an airplane speed of 90 niles per 
hour, and equivalent to one-third free-stream dynamic pres- 
sure at an airplane speed of 160 miles per hour, was reg- 
istered hy a rake total-pressure tuhe 2.5 inches ahove the 
wing surface. Because of this large loss in total pres- 
sure, the use of the difference "between rake total pres- 
sure and free-stream total pressure as a "basis for stall 
warning was not considered feasi"blo. 

Total -pressures at rake referred to static -pressure 
at rake .^ The local indicated velocities as determined 
from the difference "between tlxe rake total pressures and 
the rake static pressure were plotted against the differ- 
ence "between the indicated airplane speed and the speed 
corresponding to test-section stall. Pigure 4 is repre- 
sentati've of these plots and shows the indicated velocity 
at the rake total tu"be 1 inch ahove the wing surface for 
the condition with the half-round strip on the leading 
edge. The curves of this figure indicate a decrease in 
the local velocity at a rate that would provide a good 'ba- 
sis for a stall-warning indicator "but possess an undesir- 
a"ble feature in the high velocities attained in the ap- 



proach condition. These lii^h velocities were produced "by 
3-owering the flaps, and their presence would require the 
indicator setting to be a function of flap position. I'or 
example 5 if the stall-v;ar ning device were set to operate 
at a pressure corresponding to a local velocity of 45 
miles per hour, reasonahle warning:; of 9,5 and 14 miles 
per hour would Tdg ohtained for the glide and cruising con- 
ditions, respectively, "but practically no warning would 
"be provided for the approach condition. The indicator 
would have to operate at a local velocity of ahout S7 ailes 
per hour to provide a satisfactory warning for the flap- 
deflocted condition. This undesirahle feature of changes 
in the indicator setting should Tdc avoided,, if possible, 
although a mechanical connection "between the flap and the 
warning device to change the pressure at which the warning 
device would operate is conceivahle . 

Total TOr essiire s a t rak e referred to free- stre am , s ta t ic 
•pressure .~ The possihility of including the flap-deflected 
condition in a single indicator setting was presented when 
the rake total pressui-os were referred to f ree-streara 
static pressure and wore plotted against the difference "be- 
tween the airplane speed and the speed for test-section 
stall. liHgure 5 shows this plot for the rake total-pressure 
tuho 1 inch ahove the wing surface for the two types of 
strip used to simulate ice. This figure shows that, hy 
setting an indicator to operate when the difference hGtweon 
the total pressure 1 inch ahove the wing surface and the 
free-stream static pressure drops to a value of 0.3 inch 
of water, warning (ranging from 7 to 14^5 aph) would ho 
provided for all the test conditions. The indicated air- 
iplane speeds for section stall in the cruising, glide, and 
approach conditions were 86.5, 91.5, and 73.5 miles par 
hour, respectively, with the half-round simxilatod ice 
strip and 93.5, 107, and 79 miles per hour, respectively, 
with the triangular strip. 

The two curves for each airplane condition in figure 

5(b) are the result of fluctuations in the total pressure 
at. the rake.. These fluctuations cculd probably bo greatly 
reduced by introducing damping in the tubes connecting 
the rake total-pressure tubes to the manometer; the warning 
points in figure 5(b) have been selected, therefore, as 
midway between the two curves for. each airplane condition, 

lo curvos arc presented for the condition of no ice 
on the wing becatxse the portion of the wing surface shown 
as the shaded area B. in figure 2 always stalled first 
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with -power off and sometimes stalled first with power on. 
Surveys have not yet "been made in area B, "but the indi- 
cator located in that region would prolsa'bly 'he the first 
to provide warning when no ice was present on the wings. 

Figure 5 indicates that the loss in total pressure at 

the trailing edge of an airfoil referred to free-stream 
static pressure may serve as a hasis for warning of ap~ 
preaching stall. In any practical application, however, 
the total pressure cannot he referred to free-stream static 
pressure. furthermore, the magnitude of the ordinates in 
figure 5 reveal* that variations in the pressure used as 
th-O reference source will have considerable effect upon 
■the degree of warning provided. For example, if a warning 
indicator were set, as shown in figure 5(a), to provide a 
lO-mllo-per-hour warning in the cruising condition, a 
change in the reference static source equal to 5 percent 
of the free-stream dynamic pressure at cruising stall would 
change the amount of warning provided hy 2 miles per hour. 

Total prossuroB at rake referred to static laressure 
from wing-ti-p svivel i nr^ hca a.- The effect of referring the 
variation of total pressure at the rake to the static pres- 
sure from the wing-tip swivoling head, which is a source 
similar to that usually available in flight operations, is 
shown in figure 5. The variations in the static pressure 
from the swivellng head are shown in figure 3. The effect 
of these variations on the degreo of warning provided can 
ho determined hy a direct comparison of figures 5 and 5, 
inasmuch as the indicator setting has heen taken to "be the 
same for all four figures. 

Effect of wing loading .- The effect of wing loading 
on the stall warning provided for the cruising condition, 
with the half-round wooden strip on the leading edge, is 
shown in figure 7. The normal accelerat i on varied hy 
±0.1g for any one stall "because of the difficulties expe- 
rienced in maintaining a"bsolute control of all flight fac- 
tors. The lower curve indicates the airplane speeds at 
which stall warning would "be given with increasing normal 
acceleration provided that the warning indicator were set 
to operate x^hen the difference between the total pressure 
I inch ahove the wing surface and free-stream static pres- 
sure dropped to 0.3 inch of water. The upper curve shows 
the airplane speeds at whichi test-section stall was oh- 
served for various values of normal acceleration. The de- 
gree of warning can "be seen to vary fron 10 miles per hour 
with normal wing loading to 15 miles per hour with the wing 
loading corresponding to a normal" acceleration of l,5g. 



A dditional surveys .- Further investigations with the 
indicator located farther outhoard than in the previous 
survey have confirned the conclusion that, at points where 
flow conditions are essentially the same as those at the 
test section previously discussed, the loss in total pres- 
sure may serve as a hasis for stall warning. Surveys at 
the trailing edge in the slipstreain, however s indicate that 
the total pressure in the houndary layer is affected Tsy 
power to such an extent that the variation of loss in to- 
tal pressure cannot "be used as a "basis for stall vrarning 
in that region. 

Limitations of t otal-pr e s sur e-l osg t yp e of indic ator . - 
Sone uncertainty may exist in a practical application us- 
ing the variation in total pressure at the trailing edge 
of 'the wing referred to son© source of constant pressure 
as a criterion for stall warning, inasauch as the magni- 
tude of this pressure variation may te so slight as to he 
influenced hy a nunher of factors affecting the measurement 
of the reference pressure. One such factor is the loca- 
tion of the source of the reference pressure and another 
is the change in the physical characteristics of the instru 
ment measuring the reference pressure. An extremely desir- 
able feature of ths stall-warning indicator p.f reference 1 
is its ability to produce a pressure variation of large 
magnitude and, if this characteristic, could, "oy further de- 
velopment, he incorporated in the total-pressure-loss type 
of indicator, the device would he more practicahle to use 
than it is at the present time. 



CONCLUSIONS 



A preliminary flight investigation of the flow charac- 
teristics near the trailing edge of a wing,. as the airplane 
was stalled with simulated ice on the leading edge, indi- 
cated the follov/ing conclusions: 

1. The loss in tetal pressure at the t railing-edge 
rake, when referred to free-stream total pressure, was too 
greatly influenced by the ice . formations to serve as a ba- 
sis for a warning of the approach of tlie stall. 

2. The cjhange in local velocity at the trailing 
edge was sufficient and consistent enough to serve as 
stall warning, but the effect of the deflected flaps on . 
the local velocity would require the indicator setting to 
be a function of flap position* 
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3. The difference "betwesn the total pressure at the 
trailing edge and either the free-strean static pressure 
or the static pressure of the swiveling airspeed head 
chsmged sufficiently to serve as a hasis for stall warning^ 
in all. the conditions tested. The variation of total- 
pressure loss, however, vras too small to justify the prac- 
tical application of this loss as a "basis for stall- 
warning indication; further development would be desirahle 
to produce a large pressure change at the warning device 
when the total pressure in the "boundary layer reached the 
critical value. 

4. For the cruising condition, the' degree of section 
stall warning varied with increasing wing loading from 10 

. miles per hour with normal wing loading to 16 miles per 
hour with the wing loading corresponding to a normal accel- 
eration of 1.5g produced hy "banking the airplane. 



Langley Memorial Aeronautical LaTaoratory, 

National Advisory Committee for Aeronautics, 
langley ^ield, Va. 
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1. Thompson, T. L.: N.A.C.A. Stall-Warning Indicator. 
T. N. No. 670, HACA, 1938. 



Figure 1.- Lockheed ISA airplane used for stall-warning investigation. Swiveling air- ^ 
speed head installed one chord length ahead of leading edge at right wing 
tip. H 



static tube 
5 tot«l-pr«*«ur« tiUwa 



NATIONAL AnVlSORV 
COMMIT lit FOR AlRUNAUTICS 




3' lojag 



2< long 



> 

• 

o 

01 

B 
« 

e 
(( 

O 



180 
l6o 

120 
100 

80 
60 



3 +» 
S p 01 

a <^ 
o a o 

0 o 

^5 

•H ■ 
4> 

5S 
M « 

• e 43 

ffH c 
4>H « 

a o o 

1 > 
«-H o 



.2 
0 
-.2 

10 



















































































































































( 


lATin 


NAL 


V 1 


:npv 




— 













— e 




fttfi 


-F01 


Atf 


ONAl 


II ICS 




























































IsaX 


















1. 






— X- 


— t— 
»— < 


■X 

>-=: 
















































O Cruising 

+ rti 






















A] 


jproi 
















— 




































-+_ 



































































Pigur* 2.- Location of survey rake and wooden siinulated lee 
B tripe during stall tests. 



2. . Ij. 6 8 10 12 llj. 

Free-stream dynamic pressure, q , in. of water 

Figure 5«- Calibration of the' swlveling bead mounted at the 
Locldieed 12A wing tip. Vj, = 
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Indicated airplane speed above -section stall. 

Figure Variation in indicated velocity 

1 inch above wing surface and 12 inches 

from trailing edge as. obtained by use of 
halr-rounu wooden strip. - 
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Figure 7.- Effect of wing loading 
degree of warning in cruising 
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Figwe Variation %n total pressure 1 inch aboTe wing surface and 12 inches 

from trailing edge. 
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Indicated airplane speed above section stall, mph 
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Figure 6.- Variation In total pressure 1 inch above wing surface, and 12 Inches 

from trailing edge. 
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